INTRODUCTION
The arginine/glycine-rich (RGG/RG) domain is prevalent throughout eukaryotes and the second most common RNA-binding domain (RBD) in the human genome (1) (2) (3) (4) (5) (6) . The importance of decoding RGG-mediated RNA recognition is underscored by the observation that these RNPs regulate all levels of RNA metabolism including transcription, RNA processing, nucleocytoplasmic shuttling and translation (4, 5, 7) . Furthermore, mutations in RGG/RG proteins are implicated in several neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), fragile X syndrome and spinal muscular atrophy (4) . Unlike the most common RBD, the RNA recognition motif (RRM), the RNA binding properties of RGG/RG domains are still poorly defined. A key challenge for understanding the cellular functions of the rapidly expanding set of RNAs comprising the transcriptome is to identify and characterize their interactions with RNA-binding proteins. This is particularly difficult for RNA-binding proteins that engage a large number of transcripts, suggesting 'promiscuous' or non-specific binding (7) (8) (9) (10) (11) (12) .
RGG/RG domains are intrinsically disordered (1) , and thus do not adopt a single, stable structure in the absence of RNA but instead have conformational plasticity and adaptability. This feature may facilitate flexible targeting to a variety of RNAs because their own conformational flexibility provides a larger interaction surface area. While for some proteins, such as hnRNPU, the RGG/RG domain is the only identified RBD (13) , this motif is most often found in proteins possessing other RBDs (4) (5) (6) . This relationship between disordered RGG/RG and structured, classic RBDs, such as the RRM and KH domain, is also poorly understood.
The prevalence of RGG/RG domains among RNAbinding proteins has only recently been appreciated (14) . Thus far, data suggest that RGG/RG domains may display some selectivity in RNA binding (14) (15) (16) (17) (18) (19) . For example, the RGG/RG domain of FMRP was found to bind tightly to an in vitro selected aptamer, Sc1, containing a G-quadruplex structure (14, 15, (18) (19) . While the G-quadruplex is the dominant feature of the Sc1 aptamer, the RGG/RG peptide sits in the interface between the duplex and quadruplex through a shape complementarity interaction, with the majority of protein-base contacts mediated by two WatsonCrick G-C pairs in the duplex (14, 15) .
If the preference of RGG/RG domains were actually directed to a particular conformation involving doublestranded RNA, this interaction would not be completely non-specific. Instead, the structure/sequence requirements for binding could appear frequently throughout the transcriptome (7) (8) (9) (10) (11) . This behavior may explain reports of binding specificity for well-ordered RBDs that are inconsistent with those of a protein harboring both RBDs and RGG/RG domains. The RBDs of these RGG/RG proteins, such as the RRMs of hnRNPA1 or hnRNPA2/B1, display a robust specificity in vitro, but these target motifs are found only in a minor fraction of experimentally identified target sites within the transcriptome (20) (21) (22) . These studies, however, do not shed light on how RGG/RG domains facilitate the molecular recognition of a subset of cellular RNAs (20) .
RGG/RG domains are prevalent in many if not most heterogeneous ribonuclear particle (hnRNP) proteins. A particularly prominent family of RGG/RG domain proteins and subset of the hnRNP family is the FET family, comprised of FUS, EWSR1 and TAF15 (7, 23, 24) . Each FET protein has three RGG/RG domains interspersed between structured domains. FET proteins are conserved throughout metazoans. In humans, they are ubiquitously expressed in all tissues and are among the most highly expressed proteins in the cell (7, 12, 25) . These three nuclear proteins predominantly associate with RNA Pol II and pre-mRNA, which affects both transcription and mRNA processing (12, 26, 27) . In addition to having multiple RGG/RG domains, the number of individual RGG or RG repeats are high, with up to nine repeats, suggesting these proteins can provide a useful model of RNA-binding by a RGG/RG domain.
Highlighting the challenges to studying RGG/RG domain activity, sequencing studies (iCLIP, CLIP-seq, HITS-CLIP and PAR-CLIP) have raised more questions than answers about the RNA-binding specificity of the Fused in Sarcoma (FUS) protein (12, 23, (27) (28) (29) (30) (31) . These experimental protocols applied to FUS seek to identify all of the RNA sequences that co-immunoprecipitate with the protein, to which computational analysis is applied to detect any sequence motif and hypothetical structure that may be enriched. To date, results from these studies have failed to provide agreement regarding an RNA sequence or structure targeted by FUS (7, 8) . Neither have the sequence-structure motifs proposed stood up to more rigorous biochemical scrutiny (7, 8) . This may, in part, result from the fact that sequences identified in FUS immunoprecipitations represent the majority of transcribed RNAs in the cell. Also, FUS and other hnRNP proteins are known to oligomerize along RNA, reducing the significance of any target over that of adjacent sequences (7, 20, 27, 29, 32, 33) . Finally, many hnRNPs, like FUS, possess low-complexity (LC) domains, that self-assemble into large RNA-rich granules (25, (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . Taken together, the bulk of sequences that immunoprecipitate with promiscuous RNA-binding proteins, like FUS, may not be reflective of RNA sequences or structures with higher affinity for FUS or its RBDs.
To define the RNA binding activity of RGG/RG domains, we have determined the RNA binding characteristics of each domain of the FET protein FUS using electrophoretic mobility shift assay (EMSA), isothermal titration calorimetry (ITC) and pulldown assays. For FUS, we find binding largely driven by the affinity of the RGG/RG domains for RNA and, in fact, the RGG/RG domains alone have substantial RNA binding activity as opposed to the RRM and zinc finger (ZnF) domains. Supporting this observation, we find that the RGG/RG domains drive binding affinity in vitro and in vivo. To further define the RNA binding characteristics of RGG/RG domains, those of FUS were contrasted with those of two additional proteins FMRP and hnRNPU, which showed varied degrees of preference in binding to RNAs of different sequence and structure composition. Taken together, we reveal a newly defined specificity of RGG/RG domains that is degenerate, and provide a model for the significance of intrinsic disorder to RNA binding.
MATERIALS AND METHODS

Protein expression and purification
All protein constructs were cloned into pET30b vector system with N-terminal His6-MBP tag and transformed into BL21 (DE3) Rosetta Escherichia coli cells. A total of 10 ml LB-Kanamycin bacterial culture was grown overnight, and then inoculated into 1 l LB medium. Cultures were incubated at 37
• C until OD 600 reached ∼0.6. Protein expression was induced by 0.5 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) and 100 M ZnCl 2 was added to the cultures if the expressed protein included the ZnF domain. The cultures were incubated at 20
• C overnight. Bacterial cells were pelleted at 1500 g and resuspended in lysis buffer (1 M KCI, 1 M Urea, 50 mM TrisHCl pH 7.4, 10 mM imidazole, with or without 100 M ZnCl 2 ). Cells were lysed using an Emulsiflex C3 homogenizer. The cell lysates were clarified by centrifugation at 17 000 g for 30 min and the supernatants were incubated with Ni-NTA sepharose beads on an orbital shaker for 1 h at 4
• C. Beads were centrifuged at 300 g for 2 min and washed three times in lysis buffer and once in lysis buffer supplemented with 100 mM Imidazole. Proteins were eluted in lysis buffer supplemented with 250 mM Imidazole. Maltose binding protein (MBP) tag was not cleaved after the purification since it keeps proteins soluble. No RNA binding activity was observed for MBP protein (data not shown). Proteins were dialyzed into FPLC buffer (1 M KCI, 1M Urea, 50 mM Tris-HCl, 2 mM Dithiothreitol (DTT), with or without 100 M ZnCl 2 ) with appropriate molecular weight cutoff dialysis tubing. Size exclusion chromatography was performed using Hiload 16/600 Superdex 200 or Hiload 16/600 Superdex G-75 prep grade columns (GE Life Sciences) (Supplementary Figure S1 ). All proteins purified as monomers, based on comparison to size standards. Final protein concentration was calculated using molar extinction coefficient as determined using Expasy-Protparam tool and the absorbance at 280 nm. Proteins were stored at 4
• C for 2 weeks.
RNA synthesis and purification
DNA template for RNA transcription of a short noncoding RNA sequence derived from the promoter of the gene DNA methyl transferase 3b (DNMT) and previously reported to bind FUS was amplified by using polymerase chain reaction (PCR) and transcribed by T7 RNA polymerase (44) . Transcripts were purified using denaturing polyacrylamide gel and bands were visualized using UV shadowing. Fulllength transcripts were excised from the gel and incubated in 0.5× TE buffer (10 mM Tris-HCl pH 8.0, 1 mM ethylenediaminetetraacetic acid) for 2 h at 4
• C. RNA was concentrated using centrifugal concentrators with a 10 kD molec-ular weight cutoff (Amicon Ultra, 0.5 ml) and buffer exchange was performed by the same method. Final RNA concentration was calculated using the molar extinction coefficient as determined using an extinction coefficient calculated as the summation of the individual bases and the absorbance at 260 nm. The RNA was stored at −20
• C.
RNA body labeling reaction
Consensus sequences of human and mouse RNA repeat domains (RRD; 152 and 155 nt respectively) of Firre lncRNA were generated and cloned into pUC19 vector. DNA templates for in vitro transcription reactions were amplified from RRD containing plasmids using PCR. A total of 100 l in vitro RNA transcription reaction that included 20 Ci ATP [␣-32P] was carried out with T7 RNA polymerase at 37
• C for 2 h. MicroSpin G25 columns were used to remove unincorporated nucleotides from the labeling reactions. Labeled transcripts were purified using the appropriate percentage denaturing polyacrylamide gel. RNAs were visualized by phosphor imager, and excised from the gel and eluted by 0.5× TE buffer in the presence of 0.3 M sodium acetate, pH 5.3, at 4
• C for 2 h. The RNAs were precipitated with ethanol and glycogen at −80
• C for 30 min and centrifuged at 17 000 g for 30 min at 4
• C. Precipitated RNA was resuspended in 0.5× TE buffer and quantified by liquid scintillation counting.
RNA 5 -end labeling reaction
DNMT, Sc1, GGUG, ss (single strand), poly-A RNAs were chemically synthesized (Integrated DNA Technologies, IDT and Dharmacon). RNAs were end labeled with ␥ -32P using T4 polynucleotide kinase (NEB) at 37
• C for 30 min. Unincorporated nucleotides were removed and labeled RNAs were purified using denaturing polyacrylamide gel. RNAs were visualized and purified from the gel as described in RNA body labeling reaction.
Electrophoretic mobility shift assay
Appropriate concentrations of each protein and trace amount of radioactive labeled RNAs (heated at 95
• C for 3 min and snap cooled) were incubated with binding buffer (250 mM KCI, 250 mM Urea, 50 mM Tris-HCl pH 7.4, 2 mM DTT, 2.5 M yeast tRNA, 0.1 mg/ml bovine serum albumin, 10% glycerol) in a 10-l final reaction volume at room temperature for 30 min. Each reaction was loaded into a native polyacrylamide (appropriate percentage for different constructs) gel supplemented with 0.5× TB (45 mM Tris-HCI, 45 mM borate, pH 8.1) buffer. Native polyacrylamide gel electrophoresis was run at 6-7 Watt for 1 h at room temperature. Gels were dried and subsequently imaged using a Typhoon PhosphoImager (Molecular Dynamics) and the signals were quantified with ImageQuant software suite. Quantified data were fit to a standard two-state binding isotherm using Igor (Wavemetrics), allowing calculation of both dissociation constants and Hill Coefficients.
Isothermal titration calorimetry (ITC)
DNMT RNA binding affinity to RGG1-RRM-RGG2 or RRM-RGG2 proteins were measured using ITC. DNMT RNAs were synthesized and purified as described above. RNA and protein were dialyzed overnight into 2 l of ITC buffer (appropriate concentrations of KCI, 50 mM Tris-HCI, pH 7.4) at 4
• C. Briefly, the desired volume of DNMT RNA or protein was mixed with an equal volume of 1× ITC buffer and dispensed into 6-8000 Dalton molecular weight cutoff dialysis tubing (Spectra/Por). The RNA and the protein (in the same beaker) were dialyzed 1 day in 2 l of ITC buffer at 4
• C by gentle stirring. Buffer was changed every 8 h. Appropriate concentrations of RNA and protein were made using centrifugal concentrators. For all of the titrations C-values were between 5-10. Titrations were performed at 37
• C using a MicroCal ITC 200 microcalorimeter (GE Healthcare) and data were fit using the Origin software suite as previously described (45) .
CD spectroscopy
RNA and ZnF domains of FUS were expressed and purified as described above. His-MBP tags of the domains were cleaved by Precission protease enzyme at 4
• C. Uncleaved protein and cleaved His-MBP were removed using nickel affinity resin, and size exclusion chromatography (using a 16/600 Superdex 75 pg column) was performed to further purify isolated domains. Samples were dialyzed in sodium phosphate buffer (250 mM NaF, 50mM (NaH 2 PO 4 and Na 2 HPO 4 ), pH 7). Circular dichroism (CD) spectra of the fragments were measured on a ChirascanPlus CD instrument at 20
• C. Samples were placed in a cuvette (0.5 mm path length) and four measurements were taken and averaged. Secondary structure content of the fragments was calculated using the program CDNN (46) using the CD spectra in the wavelength range of 185-260 nm.
RNase T 1 probing
5 -end-labeled RNA in 0.5× TE buffer was heated at 95
• C for 3 min and snap-cooled on ice for 10 min. A total of 1 l of RNA solution was added to 9 l buffer containing 250 mM KCI or LiCI and Tris-HCI (pH 7.4) for 15 min at room temperature. A total of 0.1 units RNase T 1 (Ambion) was added to the RNA and incubated at room temperature for 5 min. Reactions were quenched with 10 l phenol and then phenol-chloroform extractions were performed. To generate a uniform ladder, 1 l RNA was incubated with 9 l alkaline hydrolysis buffer (Ambion) for 3 min at 95
• C. Products were separated using appropriate percentage of denaturing 29:1 acrylamide;bisacrylamide gel by electrophoresis. Gels were dried and visualized using a Typhoon PhosphoImager (Molecular Dynamics).
In vivo analysis of FUS RNA-binding activity
HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum and antibiotics. For all transfections cells were seeded at a density of 2.5 × 10 6 cells in T-25 flasks and allowed to grow overnight at 37
• C. Cells were transfected with 10 g of plasmid expressing FLAG-tagged FUS constructs using Lipofectamine 2000, Opti-MEM and media without antibiotics. After 24 h, each flask was washed with 1× phosphate buffered saline (PBS), trypsinized, resuspended in Nucleic Acids Research, 2017, Vol. 45, No. 13 7987 media with antibiotics and split into a T-75 flask to grow overnight at 37
• C. Cells were harvested the next day and UV-crosslinked once at 400 mJ/cm 2 to crosslink protein and RNA.
To visualize RNA-protein complexes, the UVcrosslinked cells were lysed in lysis buffer (PBS, 0.1% SDS, 0.5% deoxycholate, 0.5% NP-40) and sonicated. DNase I and RNase T 1 were added to the sonicated lysate, incubated at 37
• C, and centrifuged to collect supernatant. The supernatant was added to Protein A/G agarose beads (Pierce #20421) previously pre-bound to FLAG-antibody (monoclonal M2 anti-FLAG antibody, Sigma-Aldrich, #F1804) and incubated at 4
• C for 2 h to specifically pull down FLAG-FUS-RNA complexes. Beads were washed to remove non-specifically bound proteins and the retained RNA was 5 -end labeled by adding polynucleotide kinase (PNK) buffer, T4 PNK, and ␥ 32 P-ATP and incubated at 37
• C. After incubation period, labeled beads were washed, 4x NuPage loading buffer added, and the beads incubated at 95
• C to elute 32 P-labeled FLAG-FUS-RNA complexes. Samples were electrophoresed on a 4-20% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, transferred to a PDVF membrane, exposed on the Molecular Imager FX Imaging Screen K for 5 min and imaged on a Biorad Pharos FX Plus Molecular Imager. Two technical replicates of westerns and phosphor imaging from three separate pull-downs were quantitated and results averaged together.
RESULTS
The individual RRM and ZnF domains of FUS do not bind RNA with high affinity
FET proteins contain the most repeats of RGG/RG and the longest RGG/RG domains. Thus, we used the FET protein FUS as a model to define the RNA binding properties these domains. FUS contains an N-terminal LC domain and five putative RBDs: an RRM, a ZnF domain and three arginine/glycine rich regions (RGG1, 2 and 3) ( Figure 1A and Supplementary Figure S2 ). While most of the FUS mutations associated with ALS are in the nuclear localization signal, several mutations within the RGG/RG domains are directly associated with the disease (47, 48) .
To quantify the contributions of the two structured RBDs, RRM and ZnF, to RNA binding, each was tested for binding activity in the absence of other domains. The purified minimal RRM (a.a. 267-373) and ZnF (a.a. 422-453) domains were determined to be folded in a manner consistent with previous CD measurements and associated structural studies (Supplementary Figure S3A) (32, 49, 50) . From this, we concluded that our RRM and ZnF domains do not require the flanking RGG/RG domains to fold into a stable form.
Our previous studies determined FUS affinity for numerous RNA sequences and found FUS highest affinity to the 48 nt RNA, DNMT RNA (previously referred to as prD), a non-coding RNA identified to be bound to FUS in HEK293T/17 cells by CLIP-seq and ChIP-seq (8, 12, 32) . Therefore, DNMT RNA was chosen as a model RNA to further examine the contribution of individual FUS domains on RNA binding. We observed full length FUS bound DNMT RNA with a K D,app of 0.7 ± 0.2 M (Figure 1B and Supplementary Table S1 ). In contrast to previous studies, we did not adjust our K D values for the relative RNA-binding activity, which is difficult to accurately assess for FUS due to its RNA-dependent oligomerization behavior (25, 32, 37) . Therefore, our reported K D,app 's are ∼7-fold higher than that previously reported, which had been interpreted to be 15% active (8, 32) . Unlike full-length FUS, the RRM and ZnF domains had little observed affinity for DNMT RNA as determined by EMSA ( Figure 1B and C) . Isothermal titration calorimetry (ITC) was used to confirm the EMSA data, again yielding no detectable binding (Supplementary Figure S3B and C). Together, these data reveal that the minimal RRM and ZnF in the absence of other domains contribute little or no affinity for DNMT RNA.
To ensure that this result is not idiosyncratic to DNMT RNA, we tested other RNAs possessing a range of sequences and structures. These other RNAs include GGUG RNA (from an in vitro selection for FUS-binding aptamers (51)), a guanosine-deplete 36-nucleotide (nt) single stranded RNA sequence (derived from cobalamin riboswitch linker, CRL (52)), a 40-nt polyadenosine RNA, the repeating RNA domain (RRD) from human (hRRD) and mouse (mRRD) Firre lncRNA (53) and the Sc1 RNA aptamer (36 nt) (19) (Supplementary Table S1 ). Each of these RNAs exhibited low micromolar affinity for wild-type FUS but not the ZnF domain, while the RRM domain weakly bound Sc1 (K D,app = 48 ± 3 M) and poly-A RNA (K D,app of 45 ± 2 M) (Supplementary Table S2 ). Thus, for the RRM and ZnF domains, often annotated as nucleic acid binding domains, we found no evidence that they alone were responsible for the RNA binding activity of FUS. These results agree well with three prior structural studies of the FUS RRM (49-51).
FUS RGG/RG domains promote RNA binding
To determine whether the flanking RGG/RG domains can increase the affinity of the RRM or ZnF for RNA, we investigated the RNA-binding activity of each domain with one or both flanking RGG/RG domains. Fusion of RGG1 to the RRM (RGG1-RRM) and RRM to RGG2 (RRM-RGG2) increased the RNA binding similarly (Figure 2 and Supplementary Figure S3C) . RRM with both flanking domains (RGG1-RRM-RGG2) protein showed the same affinity for RNA as RGG1-RRM and RRM-RGG2. These results reveal that modest number of RGG repeats and RRM domain are sufficient to bind enable RNA binding. The RGG/RG domains flanking the ZnF domain also restored RNA binding activity (Supplementary Figure S4A and B). However, the ZnF required both RGG2 and RGG3 for binding affinities near to that of full-length FUS, which would add a large RNA interaction surface area.
To establish the minimum number of RGG/RG repeats necessary to enhance the RNA binding activity of RRM, we fused to the RRM domain increasing numbers of RGG repeats from the RGG2 domain. RRM with one or two RGGs did not bind RNA, but three RGGs recovered binding close to that of the full length FUS protein (K D,app = 4 ± 0.5 M, Table 1 ). Additional RGG repeats increased binding to within 3-fold of wild-type FUS. 
Electrostatic interactions are involved in RGG/RG interactions with RNA
We hypothesized that the binding for FUS is dominated by electrostatic interactions between the phosphate backbone of RNA and arginine residues. To examine this, we measured the affinity of the RGG1-RRM-RGG2 protein for DNMT RNA as a function of salt concentration using ITC (Supplementary Figure S5A) Figure 3A and B). On the other hand, RGG2 bound RNA 100-fold weaker than full length FUS. The fact that RGG2 fused with either RRM or ZnF domains bound the RNA with markedly higher affinity (K D,app = 2.5 ± 0.1 M for RRM-RGG2 and 13 ± 1 M for RGG2-ZnF, Figure 2A and B; Supplementary Figure S4A and B) than either domain alone indicates a synergistic interaction between the RNA binding domains.
To assess the role of RGG/RG domains in the full-length protein, four mutants were created with arginine residues in either RGG1, 2 or 3 converted to serine (SGG1, 2 and 3, respectively), and a fourth with all arginine residues in these domains mutated to serine (SGG4) ( Figure 4A and Supplementary Table S3 ). SGG1 and SGG2 bound the DNMT RNA with affinity near that of wild-type FUS (K D,app = 0.6 ± 0.1 and 1.2 ± 0.2 M respectively, Figure 4B and C). On the other hand, SGG3 mutant bound the DNMT RNA with ∼5-fold lower affinity than wild-type FUS (K D,app = 4.3 ± 2.3 M). This data suggested that each RGG/RG domain provides affinity for RNA and, in the case of DNMT RNA, these domains may substitute for each other. SGG4 showed a strong reduction in binding; with 30-fold lower affinity than wild-type FUS. It should be noted that the nature of the shift induced by the SGG4 mutant is different from the individual SGG mutants, suggesting a different binding mode. The relative affinity of SGG4 for RNA is suggestive that multiple weak interactions synergize to enhance the apparent binding affinity that is known as 'avidity effect'. While the isolated RRM and ZnF domains show little individual affinity for RNA, together and in the context of this high affinity RNA partner, some binding can be observed.
RGG/RG domains are important for RNA binding in cells
Because DNMT RNA represents the highest affinity RNA target we have found for FUS, we hypothesized that RGG/RG domains may have varied affinities across the range of bound RNAs found in cells. To examine this, we expressed FLAG-tagged SGG mutants in HEK293T/17 cells to quantitate the amount of UV-crosslinked RNA recovered by immunoprecipitation with anti-FLAG IgG. Western blots revealed expression levels between the exogenous and endogenous FUS to be comparable. Electrophoretic mobility was affected by SGG mutations, presumably due to altered charge with fewer arginines ( Figure 4D ). Recovered FUS-RNA was fragmented by RNase T 1 digestion and the RNA fragments protected by cross-linked protein were radiolabeled and resolved by SDS-PAGE ( Figure 4E ). Based on mobility, crosslinked RNA fragments were estimated to be <20 nt in length. Notably, each of the three individual RGG mutants (SGG1, 2 and 3) bound less RNA than WT FUS. Removal of all three domains in SGG4 yielded no detectable levels of bound RNA ( Figure 4F) . Thus, the avidity effect of RRM and ZnF was sufficient to produce measurable RNA binding in vitro, this affinity seems not to be significant in vivo.
RGG/RG domains display degenerate specificity
Whereas, mutation of any one RGG/RG in FUS did not appreciably reduce affinity for the DNMT RNA and the same mutants lost nearly half of their binding to bulk, cellular RNA, we reasoned that individual RGG/RG motifs may have different binding selectivity, resulting from their binding plasticity ( Figure 4C ). To characterize RNA binding properties of different RGG/RG domains, we expressed RGG/RG domains of FMRP, hnRNP-U and FUS as C-terminal MBP fusions to compare their binding to a set of RNAs representing different sequence and structural properties (Supplementary Table S1 ). As a benchmark for high affinity binding, we included in this panel the only structurally characterized RGG/RG domain-RNA interaction: an RNA aptamer (Sc1) containing a hybrid Gquadruplex/A-form duplex structure that was obtained in an in vitro selection for FMRP (14, 15, 19) . As representative single stranded RNAs (ssRNAs), we employed three different RNAs: a 40 nt polyadenosine homopolymer (poly-A), a 25 nt guanosine-rich RNA that was obtained in an in vitro selection against FUS (GGUG) (51) and a heterogeneous 36 nt RNA (CRL) containing five repeats of the sequence (AUACAAC) (52) . To represent dsRNA, two simple hairpins were used, one containing a hairpin exclusively composed of 12 A-U pairs (dsAU) and a second with a tract of six G-C pairs in the middle (dsGC) and each capped with a UUCG tetraloop. Finally, as a representative of an RNA with mixed secondary structure containing multiple helices and single stranded (ss-) elements, the repeating RNA domain (RRD) from human (hRRD) and mouse (mRRD) Firre lncRNA, reported targets of hnRNPU, was chosen (53) .
To validate the secondary structures, RNase T 1 nuclease footprinting was performed on selected RNAs (Supplementary Figure S6A -C). G-quadruplexes can be revealed by comparison of the cleavage pattern in lithium and potassium buffers, as lithium does not support quadruplex formation (54, 55) . These experiments confirmed the structure of most model RNAs used in this study. Unexpectedly, these experiments revealed that the DNMT RNA, which was proposed to have no stable secondary structural features, forms a G-quadruplex at its 3 -end, likely through the association of multiple RNAs. Thus, DNMT RNA was considered by our analysis as a second example of G-quadruplex RNA, with some duplex character as well.
We measured the K D,app by EMSA analysis, revealing that each RGG/RG domain possessed different RNA-binding characteristics but had an overall similar pattern of behavior ( Figure 5 and Supplementary Table S4 ). The highest affinity interaction we observed was between FMRP-RGG and Sc1 RNA (0.09 ± 0.02 M). FMRP-RGG bound all of the RNA sequences with K D,app values spanning a 500-fold range ( Figure 5 and Supplementary Table S4) , showed a strong preference for G-quadruplex containing and complex RNAs, with the lowest affinities for ssRNA. This is consistent with the solved structures that show direct interactions with several G-C pairs adjacent to the Gquadruplexes (14, 15) . Similarly, the hnRNPU-RGG, FUS-RGG1 and FUS-RGG3 displayed a stronger preference for G-quadruplex and complex RNAs than simple hairpins or ssRNAs. Finally, the FUS-RGG2 domain had the lowest affinity for any of the RNAs tested, despite having as many RGG repeats as FMRP or hnRNP-U ( Supplementary Figure S2) . We concluded that these domains have more complex functional requirements than just a critical amount of RGG repeats to impart RNA binding.
G-quadruplex is not requisite for RGG/RG binding
G-quadruplexes have been proposed to be a major biological target of both FMRP and FUS (19, 56, 57) . This perspective is supported by our observation that Sc1 RNA bound strongly to all RGG/RG domains tested. To evaluate RGG/RG domains affinity for G-quadruplex structures, we compared binding affinities of Sc1 RNA to RGG/RG peptides in buffers with either KCl or G-quadruplex disrupting LiCl. In LiCl, FMRP-RGG bound to Sc1 with ∼30-fold lower affinity, consistent with previous studies (Supplementary Figure S7 ) (14, 15, 19) . Similarly, hnRNP-U RGG binding decreased ∼8-fold in the presence of LiCl. The RGG1 and RGG2 domains of FUS did not exhibit any difference in the binding affinity, but the RGG3 domain exhibited a ∼3-fold lower affinity. The binding affinity of full length FUS to Sc1 did not change in LiCl containing buffer, indicating that the G-quadruplex of Sc1 is not required for binding by the full-length protein.
To determine whether other RGG domains have the same base-specific contacts with Sc1 RNA as observed in the bound structures with FMRP-RGG, we created individual mutants of the nucleotides (G7A-C30U and C5U-G31A) that disrupt hydrogen bonding with FMRP-RGG without disrupting RNA structure (14, 15) . Results of binding to mutant Sc1 RNAs were diverse for different RGG domains (Supplementary Table S5 ). Consistent with previous work, FMRP-RGG binding affinity decreased around 25-fold for each mutant compared to the wild-type (14, 15) . Other RGG domains showed a lesser response from a 10-fold lower affinity to almost no change. Wild-type FUS displayed a moderate sensitivity to the G-C to A-U pair mutations, with an ∼5.5-fold decrease in binding affinity.
DISCUSSION
The RGG/RG domain is the second most common recurrent RNA binding domain (3, 6) . This investigation of the putative RNA binding domains of FUS has revealed these domains to be the principal drivers of RNA binding in vitro and critical for RNA binding in cells. This study has illustrated that these domains present an unexpected degree of flexibility in their recognition of RNA sequences and structures. However, these domains are not wholly indiscriminate, as they prefer GC-rich sequences and complex RNA structures featuring double-stranded helices. Similarly, the behavior of these RGG/RG proteins in cells has been shown to not be wholly non-specific (7, 8, 12, 23, (29) (30) (31) 58) . However, the observation that RGG/RG proteins, like FUS, bind a majority of RNAs in the transcriptome of cells has been described as promiscuous binding (7) (8) (9) 11, 12, 32) . This study's observations suggest that the RNA-binding behavior of RGG/RG domains is more accurately described as 'degenerate specificity', as we define features important to binding but those can be exhibited by a large number of RNA sequences and structural contexts throughout the transcriptome.
Our results provide new details regarding degenerate RNA-binding that contrasts from or compares favorably to conclusions drawn by recent comprehensive studies. A proteome-wide map of RNA-binding sites, RBDmap, recovered several novel examples of RGG/RG peptides bound to cellular RNAs and RGG3 of FUS was chosen for validation as representative of these disordered RBDs (59) . Published iCLIP and CLIP-seq studies for FUS report enriched GU-rich motifs (27, 29) , which was also a consensus found by a SELEX study (51) , but a third HITS-CLIP study found an AU-rich consensus (23) , an in vitro competitive binding assay, RNAcompete, found a GC-rich motif bound to FUS RRM (58) and remaining studies report no consensus (12, 30, 31) . While reported sequence motifs have no agreed sequence identity between them, our results support that FUS does show preference for G-rich RNAs, which may partly result from arginine hydrogen bonding to guanine.
In sharp contrast with our findings, structure-predictive analysis of iCLIP data concluded that sites bound by FUS were predominantly single-stranded (29) . Two other studies conclude that FUS targets tend to lie in structured regions of RNA (23, 30) . Recently improved in vivo SHAPE techniques have been able to correlate evidence of complex secondary structures to specific FUS binding sites revealed through CLIP approaches (60, 61) . Indeed, the agreement of our work with the conclusions inferred by SHAPE-MaP would suggest that this approach currently holds the lead in resolving demonstrable binding specificity for this protein.
Taken together, there are no clear winners among comprehensive approaches to resolving the complex, degenerate binding specificity of a disordered RBD, such as the RGG/RG domain described in this work. Caution remains the key when interpreting transcriptome-wide binding profiles. Our results clearly show that validation of structurefunction relationships within and without cells remains essential to provide context for interpreting global RNAbinding data. Future work should likely focus on revising overly simplified assumptions employed to interpret and extrapolate meaning from such sequencing-based studies, which do not necessary hold true for novel or underappreciated modes of specificity employed by many RNA-binding proteins.
Degenerate specificity was first used to describe flexible (but not non-specific) binding behavior of T-cell receptors, since they recognize a large number of different peptides with no amino acid homology (62) . There are many examples for protein-protein interactions including kinases, phosphatases and even glutathione peroxidases that have also been defined as having degenerate specificity (63, 64) . We propose that the current view of 'promiscuous binding' of many RNA binding proteins may be better described by the term 'degenerate specificity'. This speaks to the differences between individual domains with individual binding characteristics and the complex interactions between domains. These properties can only be fully revealed when the isolated activities of each domain are compared to that of the full-length protein.
A broadly important question concerning these data is why the second most common RBD should be an intrinsically disordered domain. These domains lack sufficient numbers of hydrophobic residues to allow a compacted core to form; thus, the peptide chain is largely solvent exposed and allowed freedom to sample many conformational states over short time scales (65) (66) (67) . We find that RGG/RG preferences in binding are strongly biased against singlestranded sequences, simple A-form RNA helices or dsDNA (8, 68, 69) . Instead, the preference of RGG/RG domains to bind to the complex FIRRE elements with higher affinity than simple hairpins and ssRNAs suggests that these domains interact with a limited and relatively common core element, likely tandem G-C pairs, in the context of more complicated or heterogeneous secondary structure. Taken together, these data suggest that the intrinsically disordered property of the RGG/RG domains imparts a great degree of plasticity providing numerous complex conformations with which to associate with helical RNA targets in a variety of structural contexts (14, 15, 70, 71) . This property provides a mechanism by which the FUS protein can bind a wide variety of RNAs as demonstrated by a number of CLIP-seq experiments (7, 8, 12, 23, (27) (28) (29) (30) (31) (32) 72) . Taken together, the RGG/RG interactions with RNA described here are examples of intrinsically disordered domains that preferentially bind well-structured partners over less structure (1, 15, 63, (73) (74) (75) .
Comparison of analogous interactions between intrinsically disordered domains and well folded protein targets show parallels to these data. As one example, the disordered proline-rich domain (PRD) of NEF weakly binds to the Hck SH3 (K d = 91 M) but full length NEF binds the Hck SH3 domain with >300-fold greater affinity due to a reduction in the disorder of the PRD, thereby paying part of the entropic penalty of binding (76, 77) . Analogous to this, we observe that RGG2 bound RNA only weakly (K D,app = 61 M), but with the added structural stability of the folded RRM the affinity was greatly enhanced (K D,app = 2.5 M) beyond that of the RGG1 domain alone. It should be noted that the FUS protein is driven into phase-separation upon RNA binding and these data suggests that a conformation change upon binding may provide an underlying mechanism to this model (7, 25, 32, 37, 43, 78, 79) .
Our establishment of a degenerate mechanism of binding may be more broadly representative of RGG/RG domain interactions with RNA. Structures of FRMP-RGG bound to Sc1 RNA reveal a ␤-hairpin inserted into the major grove, as well as hydrogen bonding with guanine bases (14, 15) . A similar type of recognition was also observed in an arginine rich peptide derived from bovine immunodeficiency virus tat protein bound to the transactivation domain of the genomic RNA (80). In our findings, the combination of hydrogen and ionic bonds as shown by FMRP-RGG presents an attractive explanation for the salt titration data. In light of a recent study indicating that the G-quadruplex forming regions in eukaryotic cells are overwhelmingly unfolded in vivo (81) , the role of the Gquadruplex in Sc1 is likely to provide an unusual structure that opens the major groove for recognition. Thus, it is in fact the perturbation of the A-form helix that is particularly accommodating for RGG/RG insertion into the deep major grove. Consistent with this paradigm of selectivity for helices perturbed by local features, a recent study correlating protein-RNA binding to secondary structure within cells has concluded that FUS prefers dsRNA features adjacent to non-canonical regions (60, 61) . Considering the study that suggests the mRNAs were less structured or more dynamic in vivo (82) , RGG/RG domains interaction with structured RNAs might be regulated by dynamic changes in structures of the RNA molecules during RNA processing.
Taken together along with previously published models, we propose that conformational flexibility combined with degenerate specificity of RGG/RG domains can confer new RNA-binding activity to RBPs in at least three ways. First, degeneracy in RNA sequence recognition, particularly in the context of higher order homogeneous or heterogeneous complexes of RBPs, may allow repeated binding of RGG/RG domains in tandem along an RNA molecule ( Figure 6A and B) . CLIP-seq studies identifying cellular targets have suggested oligomerization of RGG/RG proteins along pre-mRNAs, particularly for FUS as well as by RGG/RG containing hnRNPs, including hnRNPA1, A2/B1 and hnRNP-U (7) (8) 12, 20, 27, 32) . Second, the lack of robust folding for RGG/RG domains can afford the protein flexibility to bind a variety of structural conformations of RNA ( Figure 6C ). It is particularly well supported because all RGG/RG domains tested here show their highest affinity for perturbed dsRNA elements as well as highly structured RNAs comprised of multiple dsRNA and ss-RNA features. Third and finally, while not demonstrated in this study, the possibility has not been ruled out that long, flexible RGG/RG domains, particularly those interspersed through the RBP, can allow multivalent interactions with more than one RNA ( Figure 6D ). Such interactions might form a crosslinked RNP matrix such as those suggested to comprise non-membrane bound organelles, including pbodies, stress granules and nucleoli (5, 17, 36, 83, 84) .
The exceptionally broad functions of many proteins containing RGG/RG domains can be considered to be con-sistent with a degenerate specificity in their RNA recognition. Many hnRNP proteins possess RGG/RG domains and their function as members of ribonuclear particles is to broadly coat pre-mRNAs while they are processed within the nucleus (85, 86) . FUS protein regulates transcription for thousands of genes in the cell while also requiring RNA binding to trigger binding to the C-terminal domain of RNA Pol II (7, 12, 32) . Other examples of RGG/RG domain proteins include Scd1, Sbp1, Npl3 and Ded1, which broadly affect translation (5, 17) . In each case, if the protein were considerably more selective in binding to RNA, its ability to act on a large number of RNAs throughout the transcriptome would become limited. RGG/RG domains might, in conjunction with other domains, broaden RNAbinding specificity, like the RGG/RG domain in FMRP broadens RNA-binding specificity beyond that typical of KH domains (19) . Future research should reveal how subtle differences in the degenerate specificity of RGG/RG domains might confer broad shifts in populations of RNAs targeted, a property that might be inferred from the high conservation of each RGG/RG domain throughout vertebrates.
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